Endotoxin in eight unanesthetized monkeys produced a small decrease in cardiac output, a marked fall in blood pressure, and a decrease in total peripheral vascular resistance. The distribution of cardiac output was measured by injecting nuclide-labeled radioactive microspheres (50/x in diameter) into the left ventricle, and blood flow and vascular resistance were calculated for each organ. All vascular beds except that of the spleen reacted with variable degrees of vasodilation, and the most pronounced decreases in resistance were observed in the coronary, gastrointestinal, and adrenal vasculature. Cerebral flow was reduced, but flow was maintained in the brain stem and cerebellum. In contrast to studies in other species, both the gastrointestinal tract and the kidneys showed vasodilation and no significant decrease in flow during the early phase of endotoxemia.
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The purpose of this study was to measure the distribution of cardiac output during the hypotension produced by endotoxin to determine which vascular beds contribute to the low peripheral resistance. The Rudolph and Heyman method was used to measure the distribution of cardiac output at three different times in many different vascular beds (7, 8) ; it employs microspheres 50//-in diameter impregnated with three different radioactive nuclides. The use of unanesthetized animals eliminated any direct circulatory and autonomic effects of anesthesia (9) , or of recent surgery.
Materials and Methods
The experiments were performed in 13 male monkeys (Macaca mulatto) 1 weighing from 3.1 to 6.0 kg. After giving pentobarbital anesthesia, 30 mg/kg iv, we aseptically placed polyvinyl catheters into the inferior vena cava and the abdominal aorta via the external iliac vessels and into the left ventricle through the left common carotid artery. The animals were placed in primate restraining chairs to recover for the following 8 to 9 days (10). All wounds healed well, and none of the animals had any evidence of systemic infection. The endotoxin (E. Coli 0127:B8, Difco) solution of 1 mg/ml 0.9% saline was prepared as previously described (6) , and 10 mg/kg was given intravenously over 30 to 40 minutes to 8 animals who averaged 4.7 kg in weight. The 5 control animals averaging 4.2 kg received an infusion of 10 ml/kg 0.9% saline over similar time periods. Six of the animals that received endotoxin were tilted from a sitting to a supine position when mean arterial pressures reached 50 mm Hg (15 to 35 minutes after ending the infusion). The other 2 animals receiving endotoxin were in the supine position throughout the procedure. Four of the control animals were tilted at similar time intervals; one was kept supine for the entire 24 hours.
Arterial pressures were measured throughout the experimental period with Statham P 23 Gb strain gauges which were at the same midthoracic level as the catheter tip in both the upright and supine position. Cardiac outputs were determined in duplicate by the method of Stewart and Hamilton using Indocyanine preen and a Waters X 301 or X 302 densitometer. Blood (usually 10 ml) was withdrawn at a rate of 10 ml/min and was returned after the dye curve was J Donated by the National Center for Primate Biology, University of California.
obtained. (The length of the tubing from vessel to cuvette was approximately 75 cm with a volume of approximately 1 ml.) The recordings were done on a Beckman Type R recorder. Total peripheral resistance was calculated as (mean arterial pressure-mean venous pressure)/cardiac output; its units are mm Hg/(liter/min).
Serial values for arterial blood gas, pH, and hematocrit were obtained in most of the animals. Blood Po 2 and Pco 2 (corrected to 39°C) were measured with a Radiometer microelectrode unit using a glass/calomel electrode for pH, a Severinghaus-type electrode for CO 2 , and a Clark-type electrode (Radiometer) for O 2 measurement. Up to five blood samples, 8 to 10 ml each, were taken for studies of blood bradykinin and plasma kininogen concentration during the experimental period. The methods used in these studies are reported elsewhere (6) .
The Rudolph and Heyman technique (7) of measuring the distribution of cardiac output involves the use of batches of plastic microspheres (range 40 to 70/j, with 95% at a diameter of 50[/,, average density = 1.3). Each batch is impregnated with a different gamma-emitting nuclide (either ^I , 4 <sSc, 85Sr > °r 51 Cr) (7) . Each batch containing 5 to 10 thousand microspheres (1 to 2 million counts/min) is injected over a 15to 20-second period through the left ventricular catheter. The spheres mix with blood in the left ventricle and travel with the blood until trapped in the arterioles of the end organs. The number of spheres in each organ or tissue is proportional to blood flow to it. Only about 0.1% of the arteriolar tree is embolized by each infusion; even the injection of three or four batches therefore does not significantly alter subsequent flow to any organ. There is minimal recirculation of microspheres in portal venous or vena caval blood (11). Correction factors were made to eliminate "spill-over" counts on those channels in which isotope energies overlapped; half-life correction factors are not necessary (7) .
After each experiment the monkeys were killed with an injection of sodium pentobarbital, and the organs were removed, weighed, and placed in glass vials that were counted for 4 minutes each by a Nuclear Chicago scintillation counter. A pulse height analyzer was set to divide the scintillation counter output into 100 channels of 10 kev. Each microsphere label has a distinctive gamma-emission spectrum, and the radioactivity for each isotope in each organ was determined.
The fraction of cardiac output to each organ at each of the three determinations was the percentage of radioactivity in that organ compared to the total body radioactivity of that isotope. The actual flow to each organ was the percentage of cardiac output times the cardiac for the endotoxinto control monkeys, output determined by dye dilution. Organ resistance was calculated as (mean systemic arterial pressure -mean vena cava pressure)/ flow.
One batch of radioactive microspheres was injected prior to endotoxin or saline infusion, a second after an average of 40 minutes from the end of the infusion, and the third 24 hours later. The cardiac output was measured before and after each injection of microspheres. One endotoxin-treated monkey died (from aspiration of vomit) before the third microsphere injection; within 3 hours after the third microsphere injection, 4 more of the experimental animals died. The 3 others and all the controls were killed with pentobarbital after 30 hours. The distribution of isotopes was determined, and the fractions of cardiac output, organ blood flows, and resistances were calculated.
A nonparametric statistical test (the Mann-Whitney U-test) (12) was used in the evaluation of the probability of real differences because of the skewed distributions of many of the variables. Differences at the P < 0.05 level are described as "significant"; those reported as P < 0 . 1 0 should be considered as "trends."
Results
Hemodynamic Data.-Experimental and control hemodynamic measurements at zero Circulation Research, Vol. XXIV, June 1969 time, during acute shock, and at 24 hours are shown in Table 1 ; the changes are similar to those previously reported (6) . Although not statistically significant, the 5 control monkeys had higher cardiac outputs and heart rates at zero time than the monkeys that later received endotoxin infusions. Within 40 minutes after the end of the endotoxin infusion (acute shock period) arterial pressures and total peripheral resistance fell significantly below those of the saline-infused control group. At this time the heart rate of the endotoxin-infused monkeys was higher (P < 0.10) than before the infusion but not significantly different from the control group who had started from a higher initial level.
At the 24-hour period all the recorded measurements and calculations for the endotoxin-treated group were significantly lower except for total peripheral resistance. At this time the control monkeys had increased their mean cardiac outputs 2>1% above their levels at zero time, while the cardiac output of the 7 living endotoxin-treated monkeys was 10& higher. The 4 monkeys that died within 6 hours after the 24-hour period did not have significantly lower arterial pressures, cardiac output, or heart rate, and had a slightly higher total peripheral resistance than the 3 monkeys who lived for more than 30 hours.
Central venous pressure was recorded in 4 endotoxin-treated and 3 control animals; there were no significant differences between these groups.
There were no significant changes in the recorded hemodynamic measurements made a few minutes after the microsphere injections compared to those recorded just before the injection. Mean arterial pressures were, on the average, 2% higher; heart rate was 3% lower; cardiac output and total peripheral resistance averaged 3% and 4% higher, respectively.
Blood Gases, pH, and Hematocrit.-The values in the experimental and control groups are shown in Table 2 . Although not statistically significant the hematocrit values in the experimental group tended to start higher than those in the control group. There were no significant changes within groups or between groups at the acute shock period, and the only significant change at the 24-hour period was the fall of pH in the experimental group to 7.36, compared to the control group value of 7.46.
Biochemical Findings.-Bradykinin levels in blood were significantly elevated (mean 10.8 ±4.2 SEM ng/ml whole blood) by 40 minutes in all 8 animals that had been treated with endotoxin. No bradykinin was detected at any time in the blood of control animals. After 24 hours the bradykinin concentrations in the blood of the endotoxin-treated animals had decreased (<2.0 ng/ml), and there were no statistically significant differences between the experimental and control groups. Kininogen levels fell (58 ±9.2% of control) in the endotoxin-treated animals as has been previously recorded (6) .
Begional Circulatory Changes.-The values of regional flows at zero time in the control and experimental groups were similar to the average values in monkeys already reported (11) and are therefore not presented. The mean changes for both experimental and control groups are an average of each animal's percentage of zero time values, and all significance tests compare the control and experimental groups.
Acute shock.-The changes in distribution of cardiac output, flow, and resistance per 100 g are presented in Table 3 . 2 The percentage of cardiac output in the endotoxin-infused group was significantly increased (P<0.05) to the heart, adrenals, total gastrointestinal tract, small intestine, large intestine, and liver (hepatic artery). The fraction of cardiac 2 For a table giving supplementary data, order document NAPS-00357 from ASIS National Auxiliary Publications Service, c/o CCM Information Sciences, Inc., 22 West 34th Street, New York, New York 10001; remitting $1.00 for microfiche or $3.00 for photocopies. output to the brain and spleen decreased significantly. There was a trend (P<0.10) toward decreased fraction of cardiac output to the pancreas.
Blood Gases and Hematocrit Values at the Time of Each Injection of Microspheres
Flow/100 g in the experimental group, compared to controls, was significantly higher to the liver (hepatic artery) and to a lesser extent (P<0.10) to the small intestine and Circulation Research, Vol. XXIV, June 1969 adrenals. Flow was significantly less in the total brain and particularly in the cerebral hemispheres. Flow to the spleen and pancreas also decreased.
Vascular resistance fell in all organs but the spleen which had a significant increase. Significant decreases in resistance were seen in the heart, adrenals, carcass, total gastrointesti- nal tract, stomach, small and large intestine, and liver (hepatic artery). A trend toward decreased resistance was recorded in the kidneys, pancreas, and skin. Since portal pressure in the monkey is thought to be virtually unchanged after administration of endotoxin (1, 2, 13) , we used the same driving preserve to calculate resistance values in the gastrointestinal tract, pancreas, and spleen as with other organs. Since portal vein pressure is higher than central venous pres-sure, a small constant error will occur in calculations for these organs. Because of this problem the resistance value for total liver flow is not presented.
Twenty-Four-Hour Period.-The observed changes at the 24-hour period are recorded in Table 4 . 2 When compared to the acute phase of shock, there were fewer significant changes. Had changes in peripheral vascular resistance of experimental animals been compared to the group's values at zero time, they would have been significantly decreased. However, by 24 hours both control and experimental groups had increased their cardiac output and decreased their resistance.
In the experimental animals, compared to the controls, there was some increase of percent cardiac output to the myocardium (P<0.10) and a decrease to the pancreas (P<0.10) and the small intestine (P<0.05). Flow/100 g was decreased to the pancreas, spleen, total gastrointestinal tract, stomach, and small intestine (P<0.05) and to the kidneys and total liver (P<0.10) at this time. Flow was not increased significantly to any organ. Resistance/100 g fell in the brain (P<0.10), heart (P<0.10), and liver (hepatic artery) (P<0.05).
The experimental group was quite heterogeneous at 24 hours with 4 animals that died within 6 hours and 3 that were still living at that time. As an example of the differences within this group, those animals that died had a mean percent of cardiac output to the kidneys of 58%, flow/100 g of 55%, and a resistance/100 g of 108% of zero time values. Those that lived had a mean percent cardiac output to the kidneys of 102%, a flow of 114%, and a resistance of 57% of zero time values. These latter values are much nearer the control animals and reflect the differences in the severity of the shock at 24 hours in the experimental group.
The absolute changes in blood flow/100 g tissue in some of the organs showing significant differences at either the acute shock period or 24 hours are given in Table 5 .
Behavioral Changes.-Observations of the behavior of some of the monkeys receiving endotoxin indicated they felt little discomfort during the experiments. The experimental monkeys were comatose during periods of acute shock when blood flow to the cerebral hemispheres had fallen markedly, but regained consciousness later in the experiment. The control monkeys characteristically showed evidence of being excited and were hungry and thirsty after being tilted for the 24-hour period.
Discussion
The main advantages of the methods used in this report are: (1) they permit the use of seven measurements for the endotoxin unanesthetized monkeys, free from the acute effects of surgery, and simultaneous measurements of regional hemodynamic changes in many different organs at two different times during shock; and (2) the observed changes in cardiac output and peripheral vascular resistance seen in the monkey after endotoxin were similar to those seen in man (14) (15) (16) . The main disadvantage of the method is the lack of continuous flow measurements from any of the organs.
The endotoxin-induced changes found in our preparation are consistent with the hypothesis that, in the monkey, vasodilators prevent cardiovascular reflexes from maintaining an adequate peripheral resistance in the face of falling systemic pressures. Although many endogenous substances can produce vasodilation, to date, only bradykinin and histamine have been found in elevated concentrations in the plasma during early endotoxemia in monkeys (6, 13) . The sequence of release of these dilators is not known, and whether a single "trigger" substance is primarily responsible for early decreases in peripheral vascular resistance has not been determined. However, during the earliest phases of endotoxemia vasoconstrictor hormones apparently are not released into the circulation of monkeys as they are in the dog (17) (18) (19) . The delay in vasoconstrictor response may account in part for the absence of ordinary preservation of flow to the brain, but the mechanism for the delay has not been studied. Vasodilating substances alone are not known to be capable of sustained, generalized diminution of peripheral vascular resistance without compensation by either the autonomic nervous system via baroreflexes and central effects or release of vasoconstrictor peptides.
In addition to being capable of releasing vasodilating chemicals, endotoxin must also be able to interfere with compensatory mechanisms. Such interference could be effected by either direct actions on central or autonomic nervous tissue, by alteration of the production or release of catecholamines or other vasoconstrictors, or by suppression of the peripheral effector response. This study provides evi-dence that blood flow to cerebral hemispheres is compromised and may be an important factor in the inability of the central nervous system to mediate autonomic action. Testing the other possible effects of endotoxin awaits further investigation.
During acute shock total peripheral resistance fell in every regional bed we studied except the spleen. However, among the vital organs only the cerebral hemispheres of the brain (ordinarily protected in hypovolemic shock (20) were inadequately perfused. The fall in systemic and cerebral vascular resistance and cerebral perfusion is not found during endotoxemia in the anesthetized dog (21) . Perhaps the minimal production of vasodilator (bradykinin) in the dog could account for the difference between species (22). However, bradykinin production in man 8 and primates is prominent after endotoxin infusion, and the stupor seen in each could be accounted for by the resultant reduction of cerebral flow.
The results from this study, as well as those of Gilbert (4) and Hinshaw et al. (3, 5, 18) , show that the monkey's response to endotoxin is similar to what is thought to occur in man and clearly dissimilar to that found in the anesthetized dog. In contrast to the monkey and man, the dog is thought to have a sharp fall of cardiac output with an increase in total peripheral resistance (23, 24) , an increase of portal venous pressure, enteromucosal congestion and hemorrhage, and the development of ischemic intestinal lesions (21, (25) (26) (27) . It seems likely that many of the differences are specific to species, and it is attractive to relate the variability of endotoxin effects with variability in the interaction of endotoxin with the kinin-generating systems of granulocytes (28) or other target organs such as platelets.
There are few reports of regional circulatory changes in the monkey or man after endotoxin administration. In the anesthetized monkey, Vick et al. (29, 30) and Hinshaw et al. (19) reported a marked reduction of renal flow and a rise in renal resistance. In contrast, our unanesthetized monkeys did not have significant changes in renal blood flow and even showed a trend toward a lowered resistance during acute shock. However, there was a marked reduction in renal blood flow in the 4 animals who were near death at the 24-hour measurement. Perhaps previously recorded renal changes were more indicative of a morbid state rather than the specific effects of endotoxin.
Endotoxin-induced vascular changes have been studied in isolated denervated monkey forelimbs which were perfused with constant blood flow (26) . In the 2-hour observation period following endotoxin infusion, the total limb resistance increased only slightly. Our data, similarly, indicated no significant changes in muscle or bone resistance and only a trend toward lowered resistance in the skin.
There are several difficulties in comparing different investigators' results. Besides the obvious problems of species differences, there are the type and dosage of endotoxin used, the effects of anesthetics, and the variation in severity of surgical trauma necessary to obtain measurements. We have found that alteration in the rapidity of the endotoxin administration can markedly influence some of the cardiovascular measurements. In 2 other monkeys we gave the 10 mg/kg dose of E. coli in from 10 to 15 minutes, that is, in about half the time taken previously. In these monkeys arterial pressures fell much more rapidly and extensively than in animals receiving the same dose/kg but over a longer period. Cardiac output fell significantly and total peripheral resistance initially rose when the endotoxin was given rapidly. Both animals became comatose quickly and died within 2 hours after the infusion. Differences in experimental design must be carefully considered before results can be compared even in the same species. Only when such considerations are made can interpretation of results in therapy be extrapolated to man. In addition, the effects of therapeutic agents or maneuvers in endotoxemia must be assessed in light of the unusual regional circulatory changes, and the primate model would seem to be the best choice for extrapolation to man.
